Introduction
============

High fat diet is a well-known contributor to the pathogenesis of non-alcoholic fatty liver disease (NAFLD). NAFLD represents the hepatic manifestation of the metabolic syndrome, characterized by insulin resistance, dyslipidemia, and hypertension.^([@B1],[@B2])^ The term NAFLD contains a broad spectrum of liver diseases ranging from simple steatosis to non-alcoholic steatohepatitis (NASH).^([@B3],[@B4])^ Oxidative stress has been suggested to be important for the progression from simple steatosis to NASH and several studies have investigated the efficacy of antioxidative supplements against progression of NASH.^([@B5],[@B6])^

Recent studies showed that dietary cholesterol is important for the progression of hepatic steatosis.^([@B7]--[@B10])^ Ezetimibe is an inhibitor of the cholesterol uptake transporter, Niemann-Pick C1-like 1 (NPC1L1), locates in the apical membrane of enterocytes.^([@B11],[@B12])^ Several studies showed that ezetimibe attenuates liver steatosis in experimental models.^([@B13],[@B14])^ These findings suggest that the management of cholesterol intake is one of the therapeutic targets for NAFLD. In addition to the cholesterol intake and biosynthesis, catabolism to bile acids is also critical for maintaining cholesterol homeostasis. Administration of natural (colic acid) or synthetic (GW4064) ligand for the nuclear bile acid receptor farnesoid X receptor (FXR) is known to prevent a high-fat diet-induced hepatic steatosis in mice.^([@B15],[@B16])^

The Nuclear factor-E2-related factor 2 (Nrf2), which is a cellular sensor for oxidative and electrophilic stress, induces the various cytoprotective enzymes.^([@B17])^ Recent studies showed that Nrf2 deletion affected lipid metabolism. Nrf2-null mice showed the dysregulation of β-oxidation and the increase in hepatic triglycerides.^([@B18],[@B19])^ In Nrf2-null mice, the methionine- and choline-deficient diet caused rapid onset and progression of nutritional steatohepatits.^([@B20])^ Furthermore, Nrf2 activator prevented a high-fat diet induced hepatic lipid accumulation in wild type mice but not in Nrf2-null mice.^([@B21])^ Nrf2 may play a role in lipid metabolism and may be involved in the pathogenesis of NAFLD. Nrf2 also regulates hepatic bile acid metabolism. Sulforaphane, an Nrf2 activator induced the hepatic FXR mRNA expression in wild-type mice but not in Nrf2-null mice.^([@B22])^

The purpose of this study is to evaluate the role of Nrf2 on bile acid as well as lipid metabolism in high fat diet induced NAFLD model. In this study, we investigated the effect of cholesterol absorption on lipid and bile acid metabolism in Nrf2-null mice and wild type mice. To change the cholesterol absorption, mice were fed a diet containing high cholesterol or ezetimibe. In human and rat, NPC1L1 is expressed both in intestine and liver. Therefore, ezetimibe may affect hepatic lipid metabolism. On the other hand, NPC1L1 is predominantly expressed in the intestine in mice and is hardly expressed in the liver.^([@B11])^ Ezetimibe only inhibits intestinal cholesterol absorption and does not directly affect hepatic lipid metabolism in mice. Here, we reported that the induction of the gene expression related to lipid and bile acid metabolism by cholesterol influx was at least partially controlled by Nrf2.

Materials and Methods
=====================

Materials and chemicals
-----------------------

Milk casein, corn starch, α-corn starch, mineral AIN-93 mixture and vitamin AIN-93 VX mixture were purchased from CLEA Japan (Osaka, Japan). Soybean oil and lard were purchased from Oriental Yeast (Tokyo, Japan) and Yamakei (Osaka, Japan), respectively. Ezetimibe was kindly provided by Schering-Plough Co., Ltd. (Osaka, Japan). All other chemicals were purchased from Wako Pure Chem. Ind., Ltd. (Osaka, Japan), unless noted.

Animals and diets
-----------------

A colony of wild-type and Nrf2-null mice, generated originally by Itoh *et al.*^([@B23])^, were backcrossed with C57BL/6 mice for ten generations. All mice were housed in the same animal care facility controlling for temperature (22 ± 2°C), humidity (55 ± 5%), and light (lights on; 07:00--19:00). Eight-week-old male wild-type and Nrf2-null mice (*n* = 6/group) were divided into three groups fed the following diets: 1) the control diet group (C); containing 4% soybean oil,16% lard, 14% milk casein, 0.18% L-cystine, 3.5% AIN-93G mineral mixture, 1% AIN-93VX vitamine mixture, 5% cellulose powder, 30.57% corn starch, 15.5% α-corn starch, 10% sucrose, 0.25% choline bitartrate for 4 weeks; 2) the ezetimibe group (EZ); a control diet containing ezetimibe (0.3 mg/day) for 4 weeks; 3) the cholesterol diet group (CH); containing 4% soybean oil, 16% lard and 1% cholesterol, 14% milk casein, 0.18% L-cystine, 3.5% AIN-93G mineral mixture, 1% AIN-93VX vitamine mixture, 5% cellulose powder, 29.57% corn starch, 15.5% α-corn starch, 10% sucrose, 0.25% choline bitartrate, 1% cholesterol, for 4 weeks. After 4 weeks, food was removed 2 h prior to collecting tissues and blood samples were collected by heart puncture after anesthesia with pentobarbital (50 mg/kg, intra-peritoneally), and livers and duodenum were harvested and stored at --80°C until use. Studies were approved by Kinki University Faculty of Medicine Animal Care and Use Committee.

Biochemical and histological analysis
-------------------------------------

Serum biochemical markers were quantified using biochemistry autoanalyzer Labospect 008 (Hitach High-Technologies Corporation, Ibaragi, Japan). Liver lipid content was extracted according to the method of Folch *et al.*^([@B24])^ Hepatic cholesterol and triglyceride concentrations were determined by standard enzymatic-colorimetric assays using commercially available kits (Wako Pure Chem. Ind.). Hepatic bile acid concentrations were quantified.^([@B25])^ In brief, 100 mg of liver was homogenized in 900 µl of 1:1 t-butylalcohol/double distilled water (v/v) and incubated overnight at room temperature. The homogenate was centrifuged at 5,000 rpm for 10 min. Hepatic bile acid levels were measured in the supernatant by enzymatic-colorimetric assays using bile acid assay kits (Wako Pure Chem. Ind.). Liver tissues were fixed in 10% paraformaldehyde, embedded in paraffin and stained with hematoxylin-eosin.

RNA isolation and real-time polymerase chain reaction
-----------------------------------------------------

Total RNA was isolated using TRIzol reagent (Life Technologies, Tokyo, Japan) according to the manufacturer's protocol. The concentration of total RNA in each sample was quantified spectrophotometrically at 260 nm. The mRNA expression of lipid and bile acid metabolism-related genes and 18s rRNA were quantified by SYBR real-time polymerase chain reaction (PCR) (SYBR Premix Ex Taq; Takara bio Inc., Shiga, Japan). Primers were used from previous reports.^([@B18],[@B26]--[@B34])^ The amplification reactions were carried out in an ABI Prism 7900 HT sequence detection system (Applied Biosystems, Foster, CA). The amount of mRNA was calculated using the comparative CT method which determines the amount of target normalized to an endogenous reference. Each gene was normalized to 18s rRNA.

Statistical analysis
--------------------

Statistical analysis was performed using the software package, SYSTAT, ver. 11 (Systat Inc., Evanston, IL). Comparisons among the groups were analyzed by analysis of variance, followed by a Tukey's multiple range test. All results are expressed as means ± SEM. Significance was set at *p*\<0.05.

Results
=======

Serum and hepatic concentrations of lipids and bile acids in wild-type and Nrf2-null mice
-----------------------------------------------------------------------------------------

Lipid and bile acid profiles in wild-type and Nrf2-null mice are shown in Table [1](#T1){ref-type="table"}. Serum cholesterol was higher in wild-type mice compared to Nrf2-null mice feeding the control diet. Ezetimibe decreased serum cholesterol and HDL-cholesterol in wild-type mice. Serum triglyceride and bile acids were not changed in each group after feeding the respective diet. Hepatic triglycerides tended to be higher in Nrf2-null control mice compared to wild-type control mice. Ezetimibe decreased hepatic triglyceride both in wild-type mice and Nrf2-null mice. Hepatic cholesterol concentration was not changed by ezetimibe administration and was significantly increased by high cholesterol diet both in wild-type mice and Nrf2-null mice. There were no significant differences in hepatic bile acid concentrations between genotypes of each group.

Histological findings of liver in wild-type and Nrf2-null mice
--------------------------------------------------------------

Histological findings of liver in wild-type and Nrf2-null mice are shown in Fig. [1](#F1){ref-type="fig"}. Consistent with hepatic triglyceride level, lipid droplets in hepatocytes tended to increase in Nrf2-null control mice compared to wild-type control mice. Ezetimibe decreased hepatic steatosis both in wild-type mice and Nrf2-null mice. Hepatic steatosis level was increased by cholesterol feeding both in wild-type mice and Nrf2-null mice.

Hepatic expression of Nrf2 target genes and lipid metabolism-related genes in wild-type and Nrf2-null mice
----------------------------------------------------------------------------------------------------------

The changes in Nrf2 target genes and lipid metabolism-related genes expression are summarized in Table [2](#T2){ref-type="table"}. In regard to Nrf2 target genes, hepatic expression of glutamate-cysteine ligase, catalytic subunit (Gclc) and heme oxygenase-1 (Ho-1) were measured. Hepatic gene expression of Gclc was lower in Nrf2-null mice with cholesterol diet compared to the CH group in wild-type mice. Hepatic expression of Ho-1 was unchanged among the three groups of both mice. With respect to the hepatic fatty acid synthesis, the expression of fatty acid synthase (Fas) and acetyl coenzyme-A carboxylase-1 (Acc1) were unchanged among the three groups of both mice. Hepatic gene expression of sterol regulatory element-binding protein (Srebp)-1c, stearoyl-CoA desaturase(Scd1)and CD36, an fatty acid transporter, were higher in the CH group compared to the EZ group in wild-type mice, and the expression of these mRNA were unchanged among the three groups of Nrf2-null mice. In regard to the fatty acid oxidation, hepatic gene expression of peroxisome proliferator-activated receptors (Ppar) α, carnitine palmitoyltransferase (Cpt) 1, and acyl-coenzyme A oxidase (Acox) 1 were higher in the CH group than the EZ group in wild-type mice, and the mRNA expressions of these genes were unchanged among the three groups of Nrf2-null mice. The expression of Srebp-2 was lower in the CH group than the EZ group in Nrf2-null mice. However, there were no differences in the expression of this gene among the three groups in wild-type mice. The mRNA expression of 3-hydroxy-3-methylglutaryl coenzyme A-reductase (Hmg-CoA-R) was unchanged among the three groups of both genotypes.

The mRNA expression of liver X receptor α (LXRα) was induced by feeding the cholesterol diet in wild-type mice, however, it was unchanged among the three groups of Nrf2-null mice. The mRNA expression of ATP-binding cassette sub-family G member 5 (Abcg5) and ATP-binding cassette sub-family G member 8 (Abcg8), the target genes of Lxrα, was induced by cholesterol feeding in wild-type mice. On the other hand, the expression of Abcg5 and Abcg8 were only slightly induced by cholesterol feeding in Nrf2-null mice.

Hepatic expression of bile acid metabolism-related genes in wild-type and Nrf2-null mice
----------------------------------------------------------------------------------------

The changes in bile acids metabolism-related gene expression are summarized in Table [3](#T3){ref-type="table"}. In wild-type mice, hepatic gene expression of Fxr and small heterodimer partner (Shp) were higher in the CH group compared to the EZ group. In Nrf2-null mice, there were no differences in the expression of Fxr and Shp among the three groups. In regard to the bile acid synthesis, hepatic gene expression of cholesterol 7 α-hydroxylase (Cyp7a1), sterol 12-α-hydroxylase (Cyp8b1) and 25-hydroxycholesterol 7-α-hydroxylase (Cyp7b1) of wild-type mice were higher in the CH group compared to the EZ group and in Nrf2-null mice there were no differences in the mRNA expression of these genes among the three groups. Hepatic mRNA expression of sterol 27-hydroxylase (Cyp27a1) was unchanged in both genotypes of each group. With respect to hepatic bile acid transporters, the expression of Na^+^-taurocholate cotransporting polypeptide (Ntcp), organic anion-transporting polypeptide (Oatp)1a1, Oatp1a4 and bile salt export pump (Bsep) were unchanged among the three groups of both genotypes. Hepatic multidrug resistance-associated protein (Mrp) 2 and Mrp3 gene expression of wild-type mice were higher in the CH group compared to the EZ group, though, in Nrf2-null mice there were no differences in the expressions of these mRNA among the three groups.

Discussion
==========

In this study, we investigated the roles of Nrf2 on cholesterol and bile acid metabolism under high fat diet by using Nrf2-null mice. Our results showed that Nrf2 is necessary for the gene regulation related to cholesterol and bile acid metabolism. SREBP2 and LXRα are the regulators for hepatic cholesterol metabolisam.^([@B35],[@B36])^ High cholesterol diet is known to induce the expression of Abcg5 and Abcg8, which are target of LXRα.^([@B37])^ In this experiment, the expression level of Abcg5 and Abcg8 were not increased by cholesterol feeding in Nrf2-null mice. This finding suggests that Nrf2 may be required for LXRα activation. Administration of LXRα agonists also induced hepatic mRNA expression of fatty acid metabolism related genes, such as FAS, ACC1, SREBP-1c, SCD-1c and CD36.^([@B38]--[@B40])^ In accordance with this phenomenon, high cholesterol diet induced these genes in wild type mice. Though, in Nrf2-null mice these genes were not induced by high cholesterol diet. These findings indicate that Nrf2 has roles in regulation of the expression of LXRα related genes and controls fatty acid metabolism as well as cholesterol metabolism.

Although the defects in the alteration of LXRα related gene expression were observed in Nrf2-null mice, high cholesterol feeding increased hepatic triglyceride level as well as hepatic cholesterol levels in both genotypes. Some factor other than LXRα may control hepatic lipid concentrations. With respect to cholesterol synthesis, the regulation of HMG-CoA-R is mediated by SREBP cleavage-activating protein (SCAP)-SREBP2 pathway.^([@B35])^ As expected, in this experiment, mRNA expression of SREBP2 and HMG-CoA-R were decreased by high cholesterol diet in both genotypes. This finding suggests that Nrf2 may not be involved in cholesterol synthesis regulated by SCAP-SREBP2 pathway.

Regarding bile acid synthesis, FXR plays a central role in the regulation of Cyp7a1, a rate-limiting enzyme of bile acid synthesis. Several recent studies have shown that Nrf2 controls the gene expression level related to bile acid synthesis.^([@B41],[@B42])^ Kay HY *et al.*^([@B19])^ demonstrated that Nrf2 has some roles in FXR activation. In mice but not in human, high cholesterol diet induces bile acid synthesis because Cyp7a1 is a LXRα target gene.^([@B43])^ Similar to their study, we also observed the induction of hepatic Cyp7a1mRNA by high cholesterol feeding in wild-type mice. However, high cholesterol diet did not affect the expression of Cyp7a1 in Nrf2-null mice. This phenomenon suggests that Nrf2 is required for the regulation of classic pathway of bile acid synthesis via LXRα in mice.

With respect to bile acid transporters, it has been reported that Nrf2 regulates MRP2 and BSEP in human hepatocytes,^([@B44],[@B45])^ which excrete bile acids into bile. Recent study demonstrated that human MRP2 is induced by LXRα in HepG2 cells.^([@B46])^ However, it has never reported that rodent Mrp2 was induced by LXRα. In this study, we demonstrated that Mrp2 was decreased in the EZ group and was increased in the CH group in wild-type mice, suggesting that rodent Mrp2 may be possibly induced by LXRα.

In conclusion, it was tested how Nrf2 modulates lipid and bile acid homeostasis in liver in response to cholesterol supplementation under the high fat diet. Nrf2 deletion dysregulates the expression of hepatic LXRα target genes which are related to lipid and bile acid metabolism.
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###### 

Serum and hepatic concentrations of lipids and bile acids in wild-type and Nrf2-null mice

                                Wild-type mice   Nrf2-null mice                                                   
  ----------------------------- ---------------- ---------------- --------------- --------------- --------------- ---------------
  Serum concentration                                                                                             
   Triglycerides (mg/dl)        27 ± 2           19 ± 3           15 ± 2          19 ± 3          23 ± 2          13 ± 1
   Cholesterol (mg/dl)          144 ± 12         101 ± 7^a^       122 ± 13        102 ± 14^c^     101 ± 6         107 ± 16
   HDL-cholesterol (mg/dl)      79 ± 5           58 ± 3^a^        72 ± 8          55 ± 10         49 ± 11         51 ± 8
   Bile acids (µmol/l)          4.6 ± 0.7        8.3 ± 3.9        4.3 ± 0.5       4.0 ± 1.2       5.3 ± 1.2       7.6 ± 1.4
  Hepatic concentration                                                                                           
   Triglycerides (mg/g liver)   22 ± 4           9 ± 1^a^         66 ± 6^a^       45 ± 11         16 ± 2^a^       68 ± 10
   Cholesterol (mg/g liver)     2.5 ± 0.2        2.5 ± 0.1        11.5 ± 2.0^b^   3.3 ± 0.2       2.6 ± 0.3       10.6 ± 0.6^b^
   Bile acids (µmol/g liver)    0.051 ± 0.008    0.092 ± 0.042    0.048 ± 0.006   0.044 ± 0.014   0.058 ± 0.013   0.084 ± 0.015

^a^*p*\<0.05 significant difference from mice fed with control diet. ^b^*p*\<0.01 significant difference from mice fed with control diet. ^c^*p*\<0.05 significant difference between genotypes.

###### 

Hepatic expression of Nrf2 target genes and lipid metabolism-related genes in wild-type and Nrf2-null mice

              Wild-type mice   Nrf2-null mice                                                  
  ----------- ---------------- ---------------- ------------------ ------------- ------------- ----------------
  Gclc        1.00 ± 0.22      0.49 ± 0.34      1.01 ± 0.13        0.50 ± 0.20   0.51 ± 0.16   0.34 ± 0.05^d^
  Ho-1        1.00 ± 0.38      0.43 ± 0.15      1.11 ± 0.23        0.73 ± 0.10   0.56 ± 0.11   0.51 ± 0.11
  Pparα       1.00 ± 0.22      0.61 ± 0.13      1.69 ± 0.19^c^     1.31 ± 0.16   1.16 ± 0.16   0.89 ± 0.11
  Acox        1.00 ± 0.27      0.52 ± 0.10      1.78 ± 0.32^c^     1.05 ± 0.19   0.80 ± 0.15   0.78 ± 0.13
  Cpt1        1.00 ± 0.27      0.50 ± 0.10      1.37 ± 0.40^b^     1.12 ± 0.18   0.97 ± 0.15   0.78 ± 0.13
  Srebp-1c    1.00 ± 0.42      0.26 ± 0.06      2.03 ± 0.40^c^     0.72 ± 0.16   0.58 ± 0.11   1.28 ± 0.18
  Fas         1.00 ± 0.40      0.54 ± 0.11      0.72 ± 0.17        0.87 ± 0.20   0.90 ± 0.08   0.40 ± 0.05
  Acc1        1.00 ± 0.24      0.55 ± 0.12      1.09 ± 0.14        1.08 ± 0.20   0.83 ± 0.11   0.58 ± 0.06
  CD36        1.00 ± 0.31      0.34 ± 0.09      1.57 ± 0.33^c^     0.84 ± 0.21   0.37 ± 0.07   0.78 ± 0.16
  SCD1        1.00 ± 0.29      0.36 ± 0.05      1.84 ± 0.29^b^     1.52 ± 0.43   0.76 ± 0.14   1.24 ± 0.31
  Srebp-2     1.00 ± 0.19      0.79 ± 0.19      0.69 ± 0.12        0.95 ± 0.14   1.21 ± 0.13   0.47 ± 0.04^b^
  Hmg-CoA-R   1.00 ± 0.42      1.60 ± 0.57      0.86 ± 0.20        1.56 ± 0.38   1.70 ± 0.13   0.58 ± 0.07
  LXRα        1.00 ± 0.17      0.57 ± 0.12      1.18 ± 0.15^b^     1.08 ± 0.15   0.87 ± 0.13   0.71 ± 0.11
  Abcg5       1.00 ± 0.34      0.47± 0.07       4.39 ± 1.11^a,c^   0.77 ± 0.07   0.63 ± 0.04   1.70 ± 0.19
  Abcg8       1.00 ± 0.32      0.69 ± 0.12      4.52 ± 0.95^a,c^   0.87 ± 0.11   1.00 ± 0.07   1.78 ± 0.26

^a^*p*\<0.01 significant difference from mice fed with control diet. ^b^*p*\<0.05 significant difference from mice fed with ezetimibe diet. ^c^*p*\<0.01 significant difference from mice fed with ezetimibe diet. ^d^*p*\<0.05 significant difference between genotypes.

###### 

Hepatic expression of bile acid metabolism-related genes in wild-type and Nrf2-null mice

            Wild-type mice   Nrf2-null mice                                                        
  --------- ---------------- ---------------- ------------------ ---------------- ---------------- ----------------
  Fxr       1.00 ± 0.20      0.43 ± 0.07      1.39 ± 0.24^c^     0.81 ± 0.06      1.11 ± 0.16      0.52 ± 0.04
  Shp       1.00 ± 0.25      0.67 ± 0.27      1.95 ± 0.40^c^     0.81 ± 0.26      1.34 ± 0.22      0.91 ± 0.24
  Cyp7a1    1.00 ± 0.30      0.77 ± 0.22      5.01 ± 1.06^b,c^   3.21 ± 1.52      2.01 ± 0.43      1.90 ± 0.29
  Cyp8b1    1.00 ± 0.24      0.66 ± 0.17      1.71 ± 0.32^c^     1.08 ± 0.18      1.26 ± 0.41      0.59 ± 0.13
  Cyp27a1   1.00 ± 0.25      0.60 ± 0.13      1.26 ± 0.18        0.80 ± 0.11      0.79 ± 0.07      0.61 ± 0.09
  Cyp7b1    1.00 ± 0.29      0.78 ± 0.12      1.85 ± 0.27^a,d^   0.86 ± 0.12      1.17 ± 0.18      0.58 ± 0.08
  Ntcp      1.00 ± 0.27      0.65 ± 0.11      1.34 ± 0.24        1.33 ± 0.16      1.22 ± 0.20      0.66 ± 0.14
  Oatp1a1   1.00 ± 0.36      0.66 ± 0.14      1.20 ± 0.16        1.02 ± 0.23      0.76 ± 0.14      0.82 ± 0.18
  Oatp1a4   1.00 ± 0.16      0.32 ± 0.07      1.39 ± 0.50        0.98 ± 0.16      0.97 ± 0.23      0.74 ± 0.14
  Bsep      1.00 ± 0.20      0.58 ± 0.14      1.08 ± 0.16        0.91 ± 0.16      0.74 ± 0.09      0.59 ± 0.07
  Mrp2      1.00 ± 0.19      0.50 ± 0.06      1.66 ± 0.24^a,d^   1.00 ± 0.17      0.94 ± 0.07      0.75 ± 0.07
  Mrp3      1.00 ± 0.25      0.57 ± 0.12      1.80 ± 0.43^d^     0.21 ± 0.03^e^   0.16 ± 0.03^e^   0.23 ± 0.04^e^
  Baat      1.00 ± 0.34      0.47 ± 0.09      0.99 ± 0.17        0.71 ± 0.17      0.53 ± 0.12      0.60 ± 0.11

^a^*p*\<0.05 significant difference from mice fed with control diet. ^b^*p*\<0.01 significant difference from mice fed with control diet. ^c^*p*\<0.05 significant difference from mice fed with ezetimibe diet. ^d^*p*\<0.01 significant difference from mice fed with ezetimibe diet. ^e^*p*\<0.05 significant difference between genotypes.
